Use of an ion-exchange resin assay has shown that leucine is bound to a component of a dialyzed extract of yeast. Leucine binding may be related to in vivo uptake of the amino acid. A yeast strain with a 30-fold lower affinity for leucine uptake in vivo has a parallel reduction in affinity for in vitro leucine binding; the rate of leucine uptake in wild-type yeast can be increased four-to fivefold by growth on leucine as a sole nitrogen source. Under these conditions, the specific activity of the leucinebinding component also increases over threefold. Regulation of leucine uptake was studied by using wild-type strain 60615 and a mutant 60615/fl2 with a constitutively elevated leucine uptake system. Leucine pool formation in the mutant was accompanied by an overshoot, leading to a loss of leucine from the pool. The phenomenon could be observed in the wild type under certain conditions. The mechanism of this process was examined. The leucine uptake system was found to be stable in the absence of protein synthesis. The rate of leucine uptake increased on reduction of the pool of amino acids, and in strain 60615/fl2 the ability to overshoot was rapidly recovered on depletion of the leucine pool. The results suggest a control of leucine uptake by feedback inhibition, in which leucine or other amino acids, e.g., isoleucine, inhibit leucine uptake. The results do not exclude control by a rapidly activated-inactivated system. Studies on amino acid uptake in yeast (10, 15, 22, 23) , Neurospora crassa (14, 24), and Penicillium chrysogenum (3) have yielded systems with varying degrees of specificity. A major problem in studying the regulation of these and other uptake systems is the fact that uptake is an in vivo function, and it is difficult to interpret the type of regulation involved (9). Examples have been found suggesting that control of uptake occurs both by inhibition of formation of the uptake system and by inhibition of activity which may be reversible or irreversible. The tryptophan uptake system in N. crassa is unstable and requires protein synthesis for maintenance of function (25) . Under the conditions employed, tryptophan starvation of a tryptophan auxotroph, the tryptophan pool was shown to be very low, and thus it was not causing end-product inhibition. In Saccharomyces cerevisiae, the arginine and histidine uptake systems are stable in the absence of protein synthesis, and the data suggest that regulation of uptake of these amino acids is by inhibition from an endogenous pool (9).
Use of an ion-exchange resin assay has shown that leucine is bound to a component of a dialyzed extract of yeast. Leucine binding may be related to in vivo uptake of the amino acid. A yeast strain with a 30-fold lower affinity for leucine uptake in vivo has a parallel reduction in affinity for in vitro leucine binding; the rate of leucine uptake in wild-type yeast can be increased four-to fivefold by growth on leucine as a sole nitrogen source. Under these conditions, the specific activity of the leucinebinding component also increases over threefold. Regulation of leucine uptake was studied by using wild-type strain 60615 and a mutant 60615/fl2 with a constitutively elevated leucine uptake system. Leucine pool formation in the mutant was accompanied by an overshoot, leading to a loss of leucine from the pool. The phenomenon could be observed in the wild type under certain conditions. The mechanism of this process was examined. The leucine uptake system was found to be stable in the absence of protein synthesis. The rate of leucine uptake increased on reduction of the pool of amino acids, and in strain 60615/fl2 the ability to overshoot was rapidly recovered on depletion of the leucine pool. The results suggest a control of leucine uptake by feedback inhibition, in which leucine or other amino acids, e.g., isoleucine, inhibit leucine uptake. The results do not exclude control by a rapidly activated-inactivated system.
Studies on amino acid uptake in yeast (10, 15, 22, 23) , Neurospora crassa (14, 24) , and Penicillium chrysogenum (3) have yielded systems with varying degrees of specificity. A major problem in studying the regulation of these and other uptake systems is the fact that uptake is an in vivo function, and it is difficult to interpret the type of regulation involved (9) . Examples have been found suggesting that control of uptake occurs both by inhibition of formation of the uptake system and by inhibition of activity which may be reversible or irreversible. The tryptophan uptake system in N. crassa is unstable and requires protein synthesis for maintenance of function (25) . Under the conditions employed, tryptophan starvation of a tryptophan auxotroph, the tryptophan pool was shown to be very low, and thus it was not causing end-product inhibition. In Saccharomyces cerevisiae, the arginine and histidine uptake systems are stable in the absence of protein synthesis, and the data suggest that regulation of uptake of these amino acids is by inhibition from an endogenous pool (9) . 1 Present address: Department of Genetics, McGill University, Montreal 2, Quebec, Canada.
A similar mechanism has been postulated for a-aminoisobutyrate uptake in Streptomyces hydrogenans (20) .
The isolation of binding proteins from the osmotic shock fluid of Escherichia coli and Salmonella typhimurium (1, 2, 13, 17, 19) has been of considerable interest in regard to the mechanism and regulation of active transport in bacteria and should be a useful approach in fungi.
We have attempted to measure a binding activity for L-leucine in strains of Saccharomyces using an ion-exchange resin assay modeled after that employed by Pardee et al. (18) . With the isolation of a trifluoroleucine-resistant mutant with an apparently derepressed uptake system for leucine and some other amino acids (4), it has been possible to undertake a study of the regulation of leucine uptake in yeast and the relationship of the binding activity to that uptake. (4) , were used in most of the experiments. Another wild-type strain of S. cerevisiae, strain LP (kindly supplied by J. S. Lovett), was also employed. All were grown in the minimal medium of Halvorson (11) supplemented as indicated.
MATERIALS AND METHODS
Amino acid uptake and pool extraction. Uptake of amino acids into the ethanol-extractable pool was measured by using the method described in the accompanying paper (4) .
Chemicals. Labeled amino acids were obtained from Schwartz BioResearch, Inc., Orangeburg, N.Y.
Since 0.5 to 1% of the label in the '4C L-leucine supplied was not retained by the Dowex-50 (H+ form) column during washing with water, all batches of the amino acid used for binding assays were purified by Dowex-50 elution chromatography. The amino acid was placed on a Dowex-50 (H+ form) column and washed with water to remove the nonretained material. The retained material was eluted with 2 N HCl and evaporated to dryness. The pH was adjusted to 7.3 after dilution with water to the appropriate concentration and specific activity. Chemically synthesized DL-leucine-1-'4C (International Chemical and Nuclear Corp.) was found to substitute fully (allowing for the inactive D-isomer) for the biosynthesized "4C-L-leucine in binding assay type II (see below).
Tritiated trifluoroleucine was obtained from New England Nuclear Corp. and purified as described in the accompanying paper (4).
Ion-exchange resin. Dowex-50-X8, 100-200 mesh (Bio-Rad Laboratories, Los Angeles, Calif.), was washed with 2 N HCI, followed by repeated water washes prior to use. Columns (7 by 0.6 cm) were packed in Pasteur pipettes from a distilled water slurry.
Cell extracts. The cells were harvested by filtration and washed in 0.1 M phosphate buffer (pH 7.2). After disruption by ultrasonic oscillation at 0 to 5 C, and centrifugation at 27,000 X g for 20 min, the supernatant was passed through a Sephadex G25 column equilibrated in the above buffer. This Sephadex-treated crude extract was used for binding studies.
Binding assay. Two types of assay were used. In assay type I, extract, preincubated with leucine, was freed of unbound leucine by passage through the ion-exchange column. Typically, 0.9 ml of extract was mixed with 0.1 ml of 1C-L-leucine at 0 C. It was found that binding occurred rapidly (in less than 1 min) at this temperature. The mixture was added to a Dowex-50 column (7 by 0.6 cm), washed with 0.5 ml of distilled water, and eluted with a further 4.5 ml of water. A 0.75-ml portion of the eluate was removed, and the radioactivity was determined by liquid scintillation in a Nuclear-Chicago spectrometer model 725. In assay type II, a known amount of '4C-L-leucine, usually 5 ,umoles with a specific activity of 0.2 mc/mmole, was added to a Dowex-50 column and washed well with 10 ml of water to remove any noncationic radioactive material. Extract (1.0 ml) was then added to the column and allowed to pass through, being eluted with a further 5 ml of distilled water. The displaced radioactive material was measured as described above.
RESULTS
Leucine binding by crude extracts. Leucine binding by a component in crude yeast extracts could be demonstrated in either of two ways. In one (assay II), 1 ml of extract was passed through a 2-ml column of Dowex-50 in the H+ form that had been previously loaded to 0.1% of its capacity with radioactive leucine. After washing with 5.0 ml of distilled water, it was found that about 0.5 to 1% of the leucine was eluted (Fig. 1) . In contrast, with an equivalent volume of buffer or of an extract prepared by ultrasonic disruption at 30 C (rather than 0 to 5 C), little or no displacement occurred (Fig. 1 ).
Passage of a crude extract previously incubated with labeled leucine over a column of the same resin equilibrated with distilled water (assay I) resulted in a large, time-independent, noncyanide inhibitable elution of radioactivity.
Because of the requirement for an extract prepared in the cold, it seemed unlikely that leucine was being displaced by the cations in the extract itself. Furthermore, the capacity of the column, 3.1 meq, was greater than the total cation content (no greater than 0.2 meq) of the reaction mixture. Thus, it was unlikely that the eluted leucine was a result of column overloading.
That the displaced radioactive material was leucine was shown by treating the column eluate from a binding experiment (assay type I) with either 0.5 N HCI or 0.5 N NaOH, neutralizing, and reapplying to a Dowex-50 column. It was found that greater than 90% of the applied radioactivity was retained on the column and, when eluted from the Dowex-50 column with 2 N HCI, had an RF identical with that of the original L-leucine.
Affinities for leucine binding in extracts of strains differing in capacity for uptake. To determine whether the apparent in vitro binding of leucine to some component of the cell extract was related to leucine uptake in whole cells, binding was examined in strains with different affinities for leucine in in vivo uptake. As shown in Table 1 , the apparent affinity, Ki,m for L-leucine uptake in strain 60615 was about 30 times that in strain LP, in which the affinity was comparable to published Km values for other amino acids in yeast (6, 8, 10 The effect of other amino acids as competitors of leucine uptake in the two strains has shown that the system is not very specific. In strain 60615, isoleucine and valine inhibit. Though tryptophan and threonine were as effective, aspartic acid and histidine showed less inhibition. In strain LP, isoleucine and valine exhibited strong competitive effects as did tryptophan, methionine, histidine, and glutamate; threonine, glycine, and aspartate gave less inhibition.
Derepression of the leucine uptake system in strains 60615 and 60615/fl2. The trifluoroleucineresistant derivative of strain 60615, strain 60615/ fl2, is shown in the accompanying paper to have a derepressed leucine uptake system, although the apparent affinity in the two strains was about the same. It was possible to achieve a phenotypic derepression of the wild-type leucine uptake system by the growth of cells on medium containing leucine as a sole nitrogen source. The capacity to transport leucine increased approximately fivefold over that of cells grown on ammonia as the nitrogen source (Table 2) , and the uptake capacity was comparable to that seen in the apparently derepressed strain on minimal medium (Table 3 ). This effect was partially specific, since cells grown on glutamate resulted in less increase in the activity of the leucine uptake system. Increased uptake rates of valine and tyrosine were also seen when strain 60615 was grown on leucine. It is not known whether there was an elevation of several independent uptake systems or of some element common to them all.
When strain 60615/fl2 was grown on medium containing leucine as a sole nitrogen source, there was no further derepression. The postulated constitutivity of the uptake system in strain 60615/fl2 was also found for valine and tyrosine (Table 4) .
Specific activity of leucine-binding capacity in derepressed cells. It was of interest to compare the effect of derepression on the specific activity of the leucine-binding capacity of extracts. As shown in Table 5 , there was general agreement between the specific activities of the leucinebinding capacity and the in vivo rates of uptake (Tables 2 and 3 associated with the cell wall was tried as an initial purification step, as has been used in bacteria (13) . Osmotic shock, however, brings out little protein from yeast cells. The use of snail gut digestive enzymes was also unsuccessful. The use of the detergents, hexadecyltrimethyl-ammonium bromide, sodium lauryl sulfate, and Triton-X100, followed by back-washing the cells with potassium chloride, also failed, as did mild ultrasonic disruption of the cells.
Purification of the binding component was attempted with crude extracts from the trifluoroleucine-resistant mutant, strain 60615/fl2. Treatment of the crude extract, after passage over Sephadex G25, with 0.5% streptomycin or 0.1%, protamine sulfate, resulted in the leucinebinding activity remaining in the supernatant, without significant change in the specific activity, suggesting that the binding component was a protein. Fractionations using a detergent and a diethylaminoethyl-cellulose chromatography-step resulted in partial purification of about eightfold Affinity chromatography was also attempted as a purification step using Sepharose, substituted with L-leucine, as described by Cuatrecasas et (9) showed that nitrogen deprivation of yeast cells resulted in a derepression for the uptake of arginine. To determine whether the uptake system for leucine could be similarly derepressed, cells were grown on minimal medium, filtered, washed, and transferred to minimal medium with no nitrogen source. At intervals, samples were removed, and the initial rate of leucine uptake, the total amino acid pool, and the total cell protein were measured.
After nitrogen starvation and depletion of the amino acid pool, the cells exhibited an increase in the rate of leucine uptake, reaching a maximum approximately 80 min after starvation (Fig. 2) . The high capacity for leucine uptake was maintained for several hours and was unaffected by the addition of cycloheximide to the culture. Net protein synthesis ceased after starvation, and the amino acid pool remained low after its rapid (30 min) depletion.
Whether the increase in uptake rate upon starvation was due to a release of inhibition by an amino acid or by some other component in the pool, or to a derepression of the leucine transport system is not known. However, maintenance of the capacity for leucine uptake in the absence of protein synthesis suggests that the uptake system does not contain any proteins that undergo rapid turnover. Effect of leucine and isoleucine limitation on the uptake of leucine. A general depletion of the amino acid pool by ammonia starvation led to an increase in the uptake of leucine, and it was determined whether this was due to the specific lowering of the leucine pool. A leucine auxotroph (strain Q-174) derived from strain 60615 was grown on minimal medium containing leucine, and transferred to a leucine-free medium. At intervals, samples were removed and the rate of leucine uptake was measured. There was an increase in the rate of leucine uptake after leucine limitation (Fig. 3) . However, unlike the experiment in which the cells had been starved for nitrogen, after approximately 2 hr the rate fell slightly below that found initially.
A similar experiment was performed with another derivative of strain 60615, strain Q-869, a threonine-deaminaseless mutant requiring isoleucine. Isoleucine limitation led to a depletion of the total amino acid pool which probably contained principally isoleucine carried over from the growth medium (Fig. 4) . This reduction in pool size was accompanied by an increase in the rate of leucine uptake. After 20 to 30 min, the total amino acid pool began to rise, presumably because of cessation of protein synthesis, and the rate of leucine uptake was decreased. One explanation of these results is that leucine pool formation can be prevented by other amino acids which accumulate when the cells are starved.
Kinetics of leucine pool formation in strains 60615 examined in strain 60615 and strain 60615/fl2 ( Fig. 1 in reference 4) . The novel kinetics of leucine pool formation in the mutant were of interest in studying regulation of leucine uptake in yeast. In the wild type, there had been a gradual increase in leucine in the amino acid pool which reached a steady state in about 100 min. In the mutant, however, leucine in the pool increased rapidly for 15 to 20 min, after which an overshoot occurred, resulting in a pool level lower than that found in the wild type.
A possible cause of the overshoot is a feedback control on amino acid transport of the type described by Heinz, Ring, and Gross (Fed. Proc., p. 393, 1966) . The leucine pool in the derepressed mutant might rapidly have reached a level that inhibited further uptake, though why leucine should be lost to the medium is unclear.
If the abrupt inhibition of leucine uptake in the derepressed mutant was an amplification of some normal control process, it should be possible to cause the effect in the wild type. In the mutant, the overshoot occurs when the leucine transport system is derepressed and the leucine pool is initially low. Wild-type cells grown on leucine as a sole nitrogen source have an elevated leucine uptake system, but the leucine pool would probably be saturated. Depletion of leucine from this pool might enable wild-type cells also to exhibit an overshoot on readdition of leucine to the growth medium.
To test this idea, wild-type cells were grown on leucine as a sole nitrogen source, leucine was removed from the culture, and, after depletion of the leucine pool, 5 mM 14C-L-leucine with and without 0.2 M ammonia was added to the medium, and the kinetics of leucine pool formation were measured. A pronounced overshoot occurred in the wild type; the effect was greater when the uptake of leucine took place in the presence of ammonia, presumably because less deamination of leucine occurred.
Capacity of other amino acids to cause the overshoot. As described elsewhere (4), the initial rate of trifluoroleucine uptake is three-to fourfold higher in mutant 60615/fl2 than in the wild type. The final pool level of the analogue is about fourfold higher in the mutant, but the pool overshoot is very much less than that seen with leucine The wild type, on the other hand, under leucine starvation, exhibited an overshoot in the formation of a trifluoroleucine pool after derepression that was as great as that described for leucine. Why the mutant exhibits less of an overshoot upon uptake of the analogue than the wild type is not clear, but is probably related to the resistance mutation.
Cells of strain 60615/fl2 after growth on minimal medium took up valine at a rapid rate and exhibited an overshoot comparable to that seen with leucine.
Effect of preloading the pool with 12C-L-leucine and other amino acids in strain 60615/fl2. Minimal-grown cells of strain 60615/fl2 were preincubated with '2C-L-leucine for a time sufficient for the overshoot to occur; they were filtered, washed, and transferred to a medium containing 14C-L-leucine, and the kinetics of pool formation and protein incorporation were measured. Figure 3 shows that the labeled leucine equilibrated with leucine in the steady-state pool, and that leucine was incorporated into protein at the wild-type rate. The initial rate of leucine uptake, after preloading with unlabeled leucine, was comparable to the uptake rate in the wild type.
It was of interest to see what effect preloading of cells with other amino acids would have on the leucine overshoot. Cells of strain 60615/fl2 grown in minimal medium were incubated with 5 mM L-valine or 5 mM DL-trifluoroleucine for 1 hr at 30 C for preloading to occur. A sample from each culture was filtered, washed with minimal medium, and transferred to minimal medium with 5 mM "4C-L-leucine at 30 C, and the formation of the leucine pool was measured. Trifluoroleucine, which causes a reduced overshoot in this mutant, had two effects on the leucine overshoot. (i) It reduced the size of the overshoot; and (ii) it reduced to one-third the rate of leucine uptake by the mutant. L-Valine, which shows the same kind of overshoot as leucine, is more effective in reducing the leucine overshoot phenomenon and reduces to one-sixth the initial rate of leucine uptake.
Level of leucine-binding protein foliowing the overshoot in strain 60615/fl2. If the leucine uptake system is repressed and inactivated during the overshoot of the leucine pool, the specific activity of the postulated leucine-binding protein, measured in vitro, might fall during that period. However, the leucine-binding activity before and after the overshoot remained essentially constant.
Recovery of the overshoot on leucine pool depletion. If some component of the leucine uptake system other than the binding protein was rapidly inactivated during the overshoot process, a study of the overshoot recovery time might be of value. A slow resynthesis or reactivation would lead to a slow recovery of the ability to overshoot, whereas a relief of inhibition would give a rapid recovery. Log-phase cells of the mutant grown in minimal medium were suspended in minimal medium containing 5 mM "C-L-leucine, and the overshoot effect was monitored (Fig. 5) . At 1 hr after the overshoot, cells were filtered, washed free of leucine, and suspended in minimal medium at 30 C. After depletion of the leucine pool occurred (35 min), 5 mm '4C-L-leucine was added, and the kinetics of leucine pool formation were again followed.
As can be seen in Fig. 5 , a second overshoot was observed. If there was a resynthesis or reactivation, it might have occurred anytime within the 35-min period of leucine depletion. The experiment does not allow a distinction to be made between rapid resynthesis or reactivation and the removal of an end-product inhibitor.
DISCUSSION
The properties of the postulated leucine-binding protein are remarkable in that it is able to compete with the strong anionic groups of a Dowex-50 resin. The pH of the effluent (variable but less than pH 3.0) results in the precipitation of much of the extract protein, but does not abolish the activity of the binding protein. That passage of the extract over a Dowex-50 column prior to an assay results in an almost complete loss in binding activity indicates that the leucine-bound protein is more stable at the pH of the Dowex-50 column than is the leucine-free protein.
Purification, a necessary step for further work on the postulated binding protein, has not been very successful because of a lack of a selective extraction procedure and failure to stabilize it during purification. Therefore, it is with con- The different affinities for leucine uptake in vivo in strains 60615 and LP, and the comparable differences in affinity for leucine in the in vitro assay, strongly support the idea that uptake and binding are related. The changes in specific activity of the binding protein which parallel the rates of uptake of leucine depending upon growth conditions, and the higher specific activity of the binding protein in strain 60615/fl2 also support the idea that the in vitro binding is related to leucine uptake. Unfortunately, no mutants that have simultaneously lost the binding protein and leucine uptake have been found which would further support this idea.
The leucine uptake system appears to have limited specificity, as indicated by competitive effects of other amino acids, and by the other uptake activities (at least for valine and tyrosine) derepressed in strain 60615/fl2. Gits and Grenson (7) described a yeast mutant with impaired transport of methionine, leucine, isoleucine, and valine. These mutations may affect the system involved here, although the results with tyrosine do not seem to be compatible with this explana- show any greater specificity than strain 60615, based on amino acid competition studies. It is not clear whether the leucine uptake system in strain 60615 is a variant of that found in strain LP or has been replaced by an entirely different uptake system with low affinity.
The apparent compensation for reduction in affinity in strain 60615 is of some interest. Strain 60615 binds approximately 104 molecules of leucine per cell (when grown on minimal medium), whereas strain LP binds only 2 X 103 molecules. If one molecule of leucine is bound per molecule of leucine-binding component, as is the case in E. coli (1) , this value would also provide an estimate of the number of binding molecules per cell.
The amino acid pool overshoot occurs when when there is a high level of the transport system and low amino acid pool. This condition is found in the mutant grown on minimal medium, and can be simulated in the wild type by growth on leucine as sole nitrogen source, followed by nitrogen starvation to deplete the pool. The effect seems to be unrelated to leakage. Examination of rates of leakage of accumulated amino acid pools in strains 60615 and 60615/fl2 revealed no differences between the two strains for the exit reaction. The inactivation of the uptake system causing the overshoot is rapid, and is not dependent upon protein synthesis. The recovery of the ability to overshoot occurs either after or during the time that the amino acid pool is depleted.
Since the leucine uptake system is not dependent upon protein synthesis for stability, the system probably does not undergo rapid turnover as does the transport system for tryptophan in N. crassa (25) . This result also makes unlikely a rapidly synthesized inactivating enzyme. Protein synthesis was prevented in our experiments by either nitrogen starvation or by nitrogen starvation followed by cycloheximide. In neither condition was there amino acid pool accumulation to cause feedback inhibition. Stability of the uptake system under these conditions is consistent with the finding for phenylalanine uptake (12) , and for arginine and histidine uptake (9) .
Regulation of leucine uptake seems to occur to some extent by control of the biosynthesis of the components of the uptake system. The correlation of the specific activities of the binding protein and in vivo rates of uptake provide the best evidence for a regulation of its formation. In addition, strain 60615/fl2, with its apparent derepressed rate of leucine uptake when grown in minimal medium, provides evidence against feedback inhibition being the sole means of regulation in this system.
Our results are consistent, however, with a feedback control in which leucine or other amino acids, e.g., isoleucine, inhibit the uptake of exogenous leucine into the cell. The results do not exclude a rapidly activated-inactivated control system, such as that found for glutamine synthetase (16, 21, 26) , but the leucine-binding protein is not a component inactivated during the overshoot.
